Abstract: Due to complex microclimatic interactions, a biannual phenological cycle, and the generally small scale of coffee plantations, there have been few applications of satellite observations to examine coffee yield. Using 2001-2006 data, surface precipitation and air temperature are related to MODIS surface temperature and fractional vegetation. Using lagged correlation analysis and deviations from the annual cycle, yield is related to accumulated deviations in fractional vegetation. Results imply that the coarse spatial resolution of MODIS data is compensated for by high temporal coverage, which allows for determination of coffee phenology.
INTRODUCTION
Coffee is one of the major agricultural products in the world, comprising, in particular, one of the major international products for several African and Latin American countries. Given the economic and societal importance of agricultural production, it is imperative to relate variations in yield to microclimatic variations in conjunction with agricultural practices. Currently, there has been some success modeling humanenvironment interactions for some of the major agricultural crops (Kaufmann and Snell, 1997; Semenov and Porter, 1995) . In addition to understanding the current factors governing agricultural yield and management strategies, it is also imperative that we understand how these dynamics are likely to vary under global climate change scenarios. Camargo and Camargo, 2001 .
that the extent of coupling between the leaf and the atmosphere (using the Ω factor of Jarvis and McNaughton, 1986 ) is strongly related to the stomatal conductance. The decoupling factor was shown to vary with crown architecture and therefore was interpreted to be determined primarily by boundary layer conductance at the leaf level. This highlights the role of planting density as a major factor in determining transpiration due to minimizing the role of wind on the saturation deficit. Given the economic importance of coffee production, it seems reasonable to want to use remotely sensed data to monitor coffee plantations as well as determine robust relationships for yield prediction. Remote sensing data have been routinely used in agriculture to map areas, improve yield prediction, measure production, and analyze quality.
Brazil is the world's largest coffee producer and exporter. Coffee production area in Brazil totals 2.30 million hectares. Coffee is produced in 11 states, with the state of Minas Gerais, with 1.04 million hectares, accounting for 48.8% of the country's production, 99.9% of which is Arabica coffee (CONAB, 2008) . However, remote sensing studies devoted to coffee in Brazil have been limited. This is due to a set of specific challenges, which ultimately involves a scale problem when using remote sensing data to monitor coffee yield. Because this crop is normally planted in small fields with considerable slope, high-resolution imagery is required to identify coffee production areas. The use of airborne imagery to develop a ripeness index for monitoring coffee has been successful (Johnson et al., 2004) , as has a neural network-based approach (Furfaro et al., 2007) .
In addition to the high spatial resolution, the biannual growing cycle (Table 1 ) requires high temporal coverage to accurately monitor the status of the crop at different times during the phenological cycle. This necessitates the use of satellite platforms (rather than airborne instruments) in order to capture the temporal variability, but spatial resolution becomes an important issue. Using Landsat images, spectral separation between coffee crops and woodland areas was only moderately successful in Costa Rica (Cordero-Sancho and Sader, 2005) , and low classification accuracy has been observed between coffee plantations and woodland areas in Colombia (Langford and Bell, 1997) . In coffee plantations in Brazil, just half of the areas identified on IKONOS-II imagery were found in Landsat/ETM+ images (Ramirez et al., 2006) . High-resolution scanners may provide a solution for improving accuracy in mapping coffee areas (ibid.). In addition, the use of filters improved overall classification quality significantly in SPOT 5 imagery (Shaban and Dikshit, 2002) .
The monitoring of large areas under agricultural land uses and the analysis of temporal changes has been improved with the advent of Moderate Resolution Imaging Spectroradiometer (MODIS) imagery. Pax-Lenney and Woodcock (1997) have shown the necessity of using coarse-spatial-resolution imagery for the purpose of providing sufficiently frequent temporal coverage. However, it remains to seen to what extent this is feasible in terms of monitoring yield.
Therefore the primary goal of this paper is to assess the feasibility of using coarse-resolution MODIS data (in particular the vegetation and surface temperature data) to monitor coffee productivity. More specifically, is the coarse spatial resolution compensated for by the high temporal coverage? In addition to this fundamental question, we are interested in determining the impact of climatic variability (in particular precipitation and temperature variability) on coffee yield. This is particularly relevant with respect to assessing the potential impacts of regional climate change on this economically significant crop.
STUDY AREA
The study area is the municipally Monte Santo de Minas, in southern Minas Gerais, Brazil (Fig. 1) . Based on 1989-2006 data from the meteorological station in Monte Santo de Minas, mean annual air temperature varies from 20 to 24°C, and annual precipitation is between 1125 and 1725 mm. More than 77% of the coffee fields are 900 m or higher in elevation, offering excellent conditions for Arabica coffee production. More than 97% of coffee production is from fields with less than 15% slope, and therefore it is possible to use mechanized harvesting in these areas. To obtain elevation, slope, and aspect, we used an elevation model (90 m spatial resolution) derived from Shutter Radar Topography Mission (SRTM) data.
Climate data from the COOXUPÉ Meteorological Station (consisting of air temperature and precipitation data) were also utilized. These data were compiled at eight-day intervals to match the temporal resolution of the MODIS imagery. Annual yield data were obtained from the Cooxupé database.
METHODS

Mapping Coffee Fields
In order to assess the ability of MODIS to monitor the coffee producing areas, for classification purposes we used an image acquired in August 2005 from the Systeme Probatoire pour l'Observation de la Terre (SPOT) satellite, consisting of four multispectral bands (10 m spatial resolution) and a panchromatic band (2.5 m spatial resolution). The image encompasses the entire study area and was processed in four steps. First, the multispectral bands were merged with the panchromatic using the GramSchmidt Spectral Sharpening algorithm, and one archive .tif file was generated with all bands at 2.5 m spatial resolution. In the second step, the image was orthorectified using the 90 m digital elevation model derived from the SRTM. The third step consisted of registration using GPS control points collected in the municipality. Difficulties occurred in separating coffee fields and woodlands, and delimiting small fields as well as fields with young coffee. Therefore a binary classification (coffee/not coffee) was conducted. In terms of the Kappa Index of Agreement, made with 100 points sorted randomly, the mapping accuracy was excellent (0.979). The RMS error for the image after corrections was 0.78 pixels. Finally, we applied a high-pass filter (kernel size 3 × 3) in each band and summed the image result with each corresponding initial band without the filter. This fusion was made to enhance image texture and provided additional spectral differences between coffee fields and woodland. Other research with SPOT images has shown that adding one texture band to spectral bands improves the overall classification accuracy significantly for all datasets (Shaban and Dikshit, 2002) . Classification accuracy was confirmed by visiting the coffee plantations.
Data Processing
To analyze temporal changes and relationships with the coffee growth cycle, we used Normalized Difference Vegetation Index (NDVI) images (MOD13Q1; maximum composite at 16 days) and surface temperature images (MOD11A2; eight-day composites) from MODIS. All images were reprojected to UTM-WGS84-23 South.
NDVI is a good biomass estimator and is largely used to analyze agricultural changes (Jackson et al., 1986) , and is based on the difference in reflectance between the near infrared and red bands. Here, we convert the NDVI data into Fractional Vegetation (Fr) by:
( 1) where NDVI0 is the bare soil NDVI value, and NDVIMAX is the NDVI value corresponding to maximum vegetation cover (Gillies and Carlson, 1995) 
. Converting to Fr
Fr NDVI NDVI 0 -
is more beneficial than using the NDVI value for several reasons: (1) Fr represents a physically meaningful, conserved quantity that can be related to production values; and (2) Fr minimizes the need for atmospheric corrections. This second feature is particularly significant when dealing with a time series of composite temporal data in a region, where daily radiosonde profiles are not available and each pixel value may be derived from different days (e.g., would require conducting daily atmospheric corrections for the entire six-year study period).
The significance of Fr being a conserved quantity is an important one when one wants to examine the joint variability between Fr and radiometric surface temperature (T) because T is collected at a resolution of 1 km and Fr is at a resolution of 250 m. Because Fr is a conserved field, spatial aggregation can be achieved by simply taking the average over neighboring pixels. This is important for our purposes inasmuch as we want to examine the general behavior of coffee fields as a function of time. Therefore, we have averaged the Fr to 1 km for comparison with the surface temperature data.
One of the main objectives is to analyze and compare changes in the satellite data with the biannual coffee cycle and production. For this purpose we used Fr, precipitation observed at the weather station (PPT), and surface radiometric temperature (T), as well as the same variables with the seasonal cycle removed (Fr', PPT', and T'). To examine how temporal variability within a growing cycle impacts total production, the seasonally detrended anomaly values are accumulated within the period. The seasonal trend is quantified by averaging the six years of MODIS data for each composite period.
In order to examine interannual variability within the coffee fields, we analyzed the distribution using lagged correlations between the climate data and Fr, as well as the detrended climate data and Fr. The lagged cross correlation between two time series (x,y) is calculated as: (2) where ρ is the cross correlation as a function of lag (λ) and the overbar indicates the temporal mean. The lagged correlations were calculated at a 1 km scale between the time series of Fr and T and then averaged as a function of the time lag. Figure 2 shows the total precipitation for each phase (e.g., see Table 1 ) of coffee production for the three biannual cycles considered: September 2000 to August 2002 , September 2002 to August 2004 , and September 2004 to August 2006 (2001 -2002 , 2003 -2004 -2006 .
RESULTS AND DISCUSSION
Precipitation is the maximum from September to March, which is Phase 1 and Phases 3-4. Outside of the rainy season, there is drastically reduced precipitation for each of the three cycles. In addition, mean air temperature is also shown in Figure 2 . Temperatures are generally warmest at the beginning of the rainy season and this To examine if the differences between the first and second years in the growing cycle are detectable with MODIS, we examined the average surface temperature and Fr for low-production (year 1) and high-production (year 2) years over the growing season (Fig. 3) . Fr is higher in the second year (Fig. 4A) , most noticeably in the first half of the growing cycle (Fig. 3) . This behavior can be explained using the different quantity of beans produced and the impact of harvest on the tree. In low-production years, the trees start the vegetative year getting back leaves pulled off and recovering from other injuries caused during the harvest of the previous high-production year. In the same way, during a high-production year, the injuries caused during the harvest from the prior low-production year are lower. There is less of a difference in surface temperatures, but the higher production year of the biannual period seems to correspond with slightly lower surface temperatures (Fig. 4B) .
-----------------------------------------------------------------------------=
Recall that a secondary objective of this paper is to determine the impacts of the timing of precipitation on the remotely sensed variables related to coffee production. Because coffee production is very sensitive to the timing of precipitation, we computed the lagged cross correlations between the seasonally detrended Fr and PPT for [2001] [2002] [2003] [2004] [2005] [2006] (Fig. 5 ). Lags were calculated every 16 days, with positive lags indicating that PPT leads Fr, and negative lags that Fr leads PPT. In the negative lags, there is very little correlation between Fr and PPT. The correlation generally increases as PPT begins to lead Fr, with maximum correlations occurring at 16 and 64 days. Fig. 2 . Air temperature and accumulated precipitation as a function of the coffee phase for each of the biannual coffee cycles considered in this study (2001-2002, 2003-2004, and 2005-2006) .
Radiometric temperature is often linked to soil moisture status (e.g., Brunsell, 2006) , and therefore we conducted the lagged correlation analysis between Fr and T to assess the impact of soil moisture limitation and potential water stress (Fig. 5 ). There is a general linear trend between the cross correlation and the temporal lag (ranging from approximately -0.4 to -0.1), a similar trend to the Fr-PPT correlation. However, the correlation is always negative, which corroborates the interpretation of radiometric temperature as a proxy for soil moisture. As radiometric temperature decreases (implying more moisture) vegetation should be less water stressed and will be able to increase production. This is, of course, assuming that water is the limiting factor to growth. As Fr begins to lead the temperature field, there is a general decrease in the magnitude of the correlation.
To relate the remotely sensed variability to the high and low production years associated with coffee phenology, we repeated the lagged correlation analysis for only the respective years (Fig. 6) . Very little correlation exists for Fr-PPT in either the high or low production years (Fig. 6A) . For Fr-T relationships, high production years exhibit a strong linear relationship ranging from -0.4 to 0.1 over lags of -48 to 64 days (Fig. 6B) . During low-production years, the Fr-T correlation shows a few peak positive correlations at -48, 32, and 80 days. This has significant importance because coffee must experience some water stress in order to increase the quality of the production, particularly in the first (low) year of the biannual cycle.
Because there was not a strong correlation between Fr and PPT for coffee fields on average, we separated out each year and examined the detrended Fr and PPT. The deviation in each 16-day period was calculated as the difference for that 16-day Fig. 3 . Averaged annual cycles in surface temperature and Fr for low-and high-production years in the coffee cycle at 16-day intervals.
period from the six-year average. This deviation is accumulated over the growing season to examine the impacts of strong deviations from the annual average at specific times during the growth cycle compared to total accumulated Fr. The high-production years (2002, 2004, and 2006) are shown in Figure 7A . Each of these three years experienced relatively normal precipitation through the year, so the PPT deviations are small. The Fr deviations are generally high, with 2006 being the highest, followed by 2002. The lowest Fr deviation was seen in 2004, with much of the year being below average in Fr. Figure 7B illustrates the same information for the low-production years. In almost all years, the Fr are below average, which is not necessarily surprising given that these are low-production years. But the range of precipitation deviation is surprising, ranging from very dry (2001) to very wet (2003) . It is interesting to note that Fr deviations are much stronger functions of temperature deviation (Figs. 8A and 8B). In 2006, the surface temperature deviation is strongly negative, which results in increased vegetation growth. In 2004, temperatures were higher than normal, which did negatively impact vegetation production. This implies that water limitation indeed does impact production, and that radiometric temperature might be a better indicator of water limitation dynamics than precipitation data.
Low-production years still exhibit a relationship between temperature deviation and accumulated vegetation (Fig. 8B) . The years 2001 and 2003 both exhibited higher than normal temperature deviations and resulted in lower vegetation amounts.
An alternative explanation for the low-production years is that with lower vegetation, more bare soil is apparent at the 1 km scale, which will lead to a higher than normal radiometric temperature. This explanation does not explain the behavior during high-production years when there is more canopy closure. Therefore, we expect that we are seeing the impact of soil moisture in high-production years, but a combined impact of soil moisture stress and less canopy coverage in low-production years.
Several things become apparent by examining the relationship between the deviations in Fr accumulated over the growing season to production values (Fig. 9) . First, the biannual cycle of production is observed in the seasonally accumulated Fr. The highest yields occurred significant precipitation deviation was experienced in the first few 16-day composite periods, and this likely negatively impacted the accumulated Fr for that year, but not the yield, which is a result of the two-year cycle. For the three low-production years, accumulated Fr and productivity are lowest in 2003 and highest in 2005. Other than the anomalously high productivity in 2002, there is a strong relationship between accumulated deviation in Fr and yield. This implies that there is a potentially strong predictive relationship between the remotely sensed values and final coffee yield.
CONCLUSIONS
Monitoring the phenological development of coffee and predicting coffee yield is inherently difficult due to the biannual growing cycle. Traditional microclimatological analysis often fails because of the complicated water and temperature requirements of the plant. Using remotely sensed data to monitor coffee in a routine manner is also complicated due to the small field size, which necessitates the use of high-resolution imagery. Typically the use of high-resolution imagery (e.g. Landsat) limits the temporal resolution that is necessary for monitoring the phenological development of coffee.
Here, we have assessed to what extent the higher temporal resolution and coarser spatial resolution of MODIS satellite data can be used to monitor and predict coffee yield. Even when aggregated to 1 km resolution, MODIS data appears capable of successfully monitoring coffee. There are, of course, limitations. Six years of data encompass only three growing cycles, which limits the extent to which generalities can be made. In addition, given only one site for precipitation measurement in the area, we are forced to assume that the observed precipitation at that site is valid for Fig. 7 . Percent deviation in Fr as a function of rainfall deviation for (A) high-and (B) lowproduction periods in the coffee cycle. the entire area. However, by focusing on the correlation structure, we are not so much interested in the actual value of the precipitation, but rather the deviations.
By focusing on the deviation from annual trends in the remotely sensed fields, we have shown that accumulated fractional vegetation generally reflects the trends in coffee yield. When combined with deviations in precipitation and surface temperature, we can explain how water limitations occur at specific times and thus augment a predictive approach to coffee yield.
Therefore, we can conclude that coarse-resolution satellite data from sensors such as MODIS are capable of monitoring coffee yield. In addition, we are able to quantify the impacts of inter-annual variability in climate on coffee production. Fig. 8 . Average lagged correlation between deviation in Fr and deviation in surface temperature for high-production (A) and low-production (B) years.
